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Red cells from patients with sickle cell anaemia (SCA) contain the abnormal haemoglobin 
HbS. Under hypoxic conditions, HbS polymerises and causes red cell sickling, a rise in 
intracellular Ca2+ and exposure of phosphatidylserine (PS). These changes make sickle 
cells sticky and liable to lodge in the microvasculature, and so reduce their lifespan. The 
aim of the present work was to investigate how the peculiar conditions found in the renal 
medulla – hypoxia, acidosis, lactate, hypertonicity and high levels of urea – affect red cell 
behaviour. Results show that the first four conditions all increased sickling and PS exposure. 
The presence of urea at levels found in a healthy medulla during antidiuresis, however, 
markedly reduced sickling and PS exposure and would therefore protect against red cell 
adherence. Loss of the ability to concentrate urine, which occurs in sickle cell nephropathy 
would obviate this protective effect and may therefore contribute to pathogenesis.
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INTRODUCTION
Red cells from patients with sickle cell anaemia (SCA; HbSS genotype) contain a mutated 
haemoglobin, HbS, which replaces the normal adult HbA (Bunn and Forget, 1986). HbS results 
from a point mutation of the DNA causing replacement of glutamic acid with valine at the 
sixth residue of the Hb β chain. This substitution allows neighbouring molecules of HbS to 
polymerise upon deoxygenation, forming long, rigid concatenations of Hb, which distort the 
normal red cell shape from biconcave disc to the distinctive sickle shapes together with other 
bizarre forms. The result is a sticky red cell with poor rheological properties and a propensity 
to lodge in areas of the microvasculature (Hebbel, 1991).
HbS polymerisation underlies all of the deleterious sequelae experienced by SCA patients. 
Complications, however, are multiple (Steinberg, 1999; Rees et  al., 2010). Reduced red cell life 
span results in anaemia and ischaemic problems including pain, osteonecrosis, stroke, acute 
chest syndrome, proliferative retinopathy and others, one of which is nephropathy.
A further feature of sickle cells is a pronounced exposure of the aminophospholipid 
phosphatidylserine (PS; Kuypers, 1998; de Jong et  al., 2002). PS in normal red cells is restricted 
to the inner leaflet of the membrane bilayer, but it is externalised in a high, but variable, 
Lu et al. Renal Medulla Affects Sickle Cells
Frontiers in Physiology | www.frontiersin.org 2 March 2021 | Volume 12 | Article 653545
proportion of sickle cells. This is important because PS exposure 
is prothrombotic and makes cells attractive to phagocytes and 
activated endothelial cells (Hebbel, 1991). It may therefore 
affect the lifespan of red cells and contribute to both the 
anaemia and ischaemic complications of SCA. Three transport 
systems are implicated in the distribution of PS (Haest, 2003): 
an aminophospholipid transferase (or flippase), which uses ATP 
to move PS from the outer to the inner leaflet of the bilayer; 
a Ca2+-activated scramblase, which rapidly shuttles PS across 
the membrane in both directions; and a floppase, which 
transports PS outwards.
Loss of PS asymmetry requires inhibition of the flippase 
together with activation of the scramblase, both of which can 
occur at low micromolar concentrations of intracellular Ca2+ 
(Bitbol et  al., 1987; Woon et  al., 1999; Weiss et  al., 2012). In 
normal red cells, intracellular Ca2+ is kept at low levels, around 
30 nM – at some five orders of magnitude less than the plasma 
concentration of Ca2+ of 1.1  mM – through a combination of 
meagre membrane permeability to Ca2+ and a high capacity 
plasma membrane Ca2+ pump (or PMCA). Sickle cells 
demonstrate both a reduced PMCA activity and a higher passive 
Ca2+ permeability, particularly following deoxygenation (Rhoda 
et  al., 1990; Etzion et  al., 1992) and the sickling shape change 
which opens a non-specific cation conductance sometimes 
referred to as Psickle (Joiner, 1993; Gibson and Ellory, 2002; 
Lew and Bookchin, 2005). The rise in Ca2+ may partially explain 
PS exposure.
Sickle cell anaemia patients also have a markedly increased 
incidence of nephropathy with about a third progressing to 
a dependence on renal dialysis or transplantation (Powars 
et  al., 2005; Serjeant et  al., 2007). Inability to concentrate 
urine – hyposthenuria – occurs at an early age with necrosis 
and fibrosis of the renal medulla commonly observed and 
may progress to chronic renal failure. The detailed pathogenesis 
underlying these manifestations remains unclear; however, the 
unique environment found in the renal medulla is implicated 
(Wigfall et  al., 2000; Becton et  al., 2010; Aygun et  al., 2011; 
Elmariah et al., 2014). This tissue has a particularly low blood 
flow, less than 1% of the total renal circulation. It is, in 
addition, markedly hypoxic (an O2 partial pressure of about 
15 mmHg is sometimes quoted, Brezis et  al., 1994; Liss et  al., 
1997; Zhang et  al., 2014) and acidic due to anaerobic 
metabolism, with accumulation of lactate at about 15  mM 
(Thomas, 2000). Furthermore, during maximal antidiuresis, 
the medulla is also hypertonic with accumulation of salt (up 
to 300  mM NaCl) and urea (up to 600  mM), with a total 
osmolality in healthy adults of about 1,200 mOsm.kg−1. Hypoxia, 
acidosis, and hypertonicity all stimulate HbS polymerisation. 
It is therefore likely that they will encourage sickling and 
PS exposure and these factors coupled with a sluggish rate 
of blood flow may serve to promote adhesion and death of 
sickle cells, and increase ischaemia and its sequelae in the 
renal medulla.
The effects on red cells of hypertonicity have been studied 
extensively by the group of Lang et  al. (2002), albeit mainly 
on normal (HbA) red cells. Stimulation of PS exposure was 
found to involve several pathways: cation channels permeable 
to Ca2+ (Lang et  al., 2004), stimulation of sphingomyelinase 
and ceramide production (Lang et  al., 2004), possibly via 
stimulation of cyclooxygenase (Lang et al., 2005). Lang’s group 
also showed a protective effect of urea on PS exposure 
in normal red cells and platelets (Lang et  al., 2004;  
Gatidis et al., 2010), probably via inhibition of sphingomyelinase.
In this report, we investigated how these factors – hypoxia, 
low pH, lactate, hypertonicity, and urea – alter red cell sickling 
and PS exposure, and hence affect the lifespan of these cells. 
Unlike previous groups, our study has controlled oxygen 
tension using levels appropriate to those found in the renal 
medulla. We  found that, as expected, these conditions are 
associated with increased sickling and PS exposure. We  also 
found, however, that high urea levels acted to ameliorate 




Fluorescein isothiocyanate-conjugated lactadherin (LA-FITC) 
came from Haematologic Technologies Inc. (Essex Junction, VT, 
United  States), supplied by Cambridge Bioscience (Cambridge, 
United Kingdom). 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid (HEPES) and 3-(N-morpholino) propanesulfonic acid (MOPS) 
came from Calbiochem (Merck, Darmstadt, Germany). All other 
chemicals were supplied by Sigma-Aldrich Co. (Poole, Dorset, 
United  Kingdom).
Sample Collection and Handling
Consented blood samples were taken from patients homozygous 
for SCA, HbSS genotype, using the anticoagulant EDTA, 
which is standard for clinical samples. The study was approved 
by the National Research Ethics Committee (reference 16/
LO/1309). For some experiments, once routine haematological 
assays had been completed, discarded, and anonymised blood 
was used. All research was conducted with ethical approval 
and in accordance with the Helsinki Declaration of 1975, as 
revised in 2008.
Solutions and Red Cell Preparation
The standard salines buffered with HEPES or MOPS and 
comprised (in mM): NaCl 145, KCl 5, MgCl2 0.15, inosine 
10, and HEPES or MOPS 10, (pH 7.4 at 37°C; 290 ± 5 mOsm.
kg−1). Inosine protects against the initial reduction in ATP 
levels when red cells are warmed to 37°C after being stored 
on ice (Tiffert et  al., 1984). The identity of the buffer had no 
effect on results. Where different pHs were used, saline pH 
was adjusted using NaOH or HCl. For hypertonicity experiments, 
tonicity was altered through addition of NaCl or sucrose. 
Exposed PS was labelled with LA-FITC (16  nM) at pH 7.4 
at room temperature (RT) in the presence of 1  mM vanadate 
(LA-FITC binding buffer). Vanadate was only added after 
incubation of red cells, just prior to PS measurement. To 
prepare red cells, whole blood was washed four times in saline 
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(pH 7.4 at RT) to remove plasma and buffy coat. Red cells 
were stored on ice until required. Haematocrit (Hct) was 
measured using Drabkin’s reagent.
Measurement of Sickling
To promote sickling and lipid scrambling, red cells were 
incubated using three different conditions – hypoxia (30 and 
0 mmHg oxygen tension), altered pH (6.0–8.0), and hypertonicity 
– in gently rotating Eschweiler tonometers at 1% Hct at 37°C 
for up to 80 min. To measure sickling, as defined in Al Balushi 
et  al. (2019), red cell aliquots were then fixed using 0.3% 
glutaraldehyde, under the same conditions as incubation – 
these low levels of glutaraldehyde were chosen because of their 
minimal effect on saline osmolality. For each condition, 100 
cells were assessed and sickling given as a percentage.
Measurement of Externalised 
Phosphatidylserine Using LA-FITC
To measure PS, red cells were pelleted and resuspended in 
buffer containing 1  mM vanadate, diluted in LA-FITC binding 
buffer at 0.01% Hct, and incubated for 15  min in the dark 
at RT. Red cells were next pelleted (10  s at 16,100  g), washed 
once in LK-HBS, resuspended and kept on ice in the dark 
until flow cytometry analysis. LA-FITC was detected in the 
FL1 channel of a BD Accuri C6 flow cytometer using logarithmic 
gain. The positive fluorescent gate was set using red cells 
unlabelled with LA-FITC. For each measurement, 10,000 events 
were gated. PS positive cells were defined as all events falling 
within the preset FSC, SSC, and positive fluorescent gates. See 
Cytlak et  al. (2013) for detailed Methodology.
Statistics
Results are presented as means  ±  SEM for blood samples of 
n different SCA patients. Red cells under control conditions 
and exposed to different conditions (oxygen tension, pH, 
osmolality, or urea) were all paired. Statistical comparisons 
were made using two-tailed Student’s t-tests (Figure 1), two-way 
ANOVA (Figures  2, 4–8), or one-way ANOVA (Figure  3), as 
appropriate, and p  <  0.05 was considered as significant.
RESULTS
The Effect of Hypoxia on Sickling and 
Phosphatidylserine Exposure in Red Cells 
From Patients With Sickle Cell Anaemia
Fully oxygenated red cells showed minimal sickling and PS 
exposure, with levels of both at less than 3%. As oxygen tension 
was lowered, both sickling and PS exposure increased. Sickling 
reached 57  ±  1% at an oxygen tension of 30  mmHg, rising 
to 80  ±  1% at 0  mmHg (Figure  1). Sickling was complete 
within about 20  min. PS exposure was also increased by 
deoxygenation but over a significantly slower time scale. In 
fully deoxygenated red cells, PS levels increased progressively 
with time such that levels were 5  ±  1, 10  ±  5, 12  ±  3, and 
15  ±  5% after 20, 40, 60, and 80  min, respectively (Figure  2). 
These changes were significant at all time points after 20  min 
(values of p  <  0.05, p  <  0.01, and p  <  0.001 after 40, 60, and 
80 min, respectively). These findings confirm the well-established 
observations on the effect of deoxygenation on sickle cell 
behaviour (Blumenfeld et  al., 1991; Weiss et  al., 2012). In the 
following series of experiments, conditions were chosen to 
mimic those found in the renal medulla, investigating any 
effects on sickling and PS exposure. As results at 0 and 30 mmHg 
were similar, the former was chosen for most of the following 
hypoxic conditions.
The Effect of pH on Sickling
The first set of experiments (shown in Figures  1, 2) was all 
carried out at pH 7.4. The next experiments investigated the 
effect of a range of pH values, from 8.0 to 6.5. Over these 
pHs, sickling remained minimal in fully oxygenated cells. In 
fully deoxygenated cells, after 15  min, sickling increased as 
pH was reduced, reaching 40  ±  1% at pH 7.4, 50  ±  1% at 
pH 7.0, and 60 ± 2% at pH 6.5 (Figure 3). As pH was increased 
from pH 7.4 to pH 8.0, sickling was modestly reduced by 
13  ±  1%. In hypoxic conditions, metabolism will switch from 
aerobic to anaerobic with the likely accumulation of lactate 
– certainly in active muscle beds and also probably in the 
hypoxic renal medulla. The effect of addition of lactate was 
therefore also examined over this pH range. In the presence 
of 10  mM lactate, sickling in fully deoxygenated red cells 
increased significantly to 70 ± 1% (p < 0.05) at pH 7.4, 80 ± 1% 
(p  <  0.05) at pH 7.0, and 90  ±  1% at pH 6.5 (all p  <  0.05 
cf. absence of lactate).
FIGURE 1 | The effect of oxygen tension on sickling of red cells from 
patients with sickle cell anaemia (SCA). Red cells (1% haematocrit, Hct) were 
incubated in Eschweiler tonometers at 37°C and pH 7.4 for 15 min and 
equilibrated with warm humidified gas at three different oxygen tension (150, 
30, and 0 mmHg oxygen – air replaced with nitrogen). Red cell aliquots were 
then removed and fixed using 0.3% glutaraldehyde, whilst maintaining the 
same oxygen tension present during their incubation. Histograms represent 
means ± SEM, n = 3. *p < 0.05.
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The Effect of High Urea Levels on Sickling
In the renal medulla during antidiuresis, urea normally 
accumulates to high levels. The effect of addition of urea over 
a concentration range of 200–900 mM was therefore investigated, 
first on sickling induced by deoxygenation at normal pH 
(pH 7.4) and osmolality (290 mOsm.kg−1). At all concentrations of 
urea tested, sickling was reduced, albeit that this reduction 
was not significant at 200 mM. At the other urea concentrations 
(600 and 900 mM), statistical significance was reached (Figure 4).
The Effect of pH on Phosphatidylserine 
Exposure
The subsequent series of experiments investigated the effect of 
conditions present in the renal medulla on PS exposure. First, 
the effects of pH changes were determined (Figure  5). In fully 
deoxygenated red cells, at pH 8.0, PS exposure was significantly 
reduced compared to that at pH 7.4, whilst at lower pH, pH 
6.0, PS levels increased (Figure  5). These effects were also time 
dependent. For example, at pH 6.0, PS exposure increased 
progressively from 10 ± 1% at the start of incubation to 31 ± 3, 
43  ±  4, and 43  ±  4% after 20, 40, and 60  min, respectively.
The Effect of Urea and pH on 
Deoxygenation-Induced 
Phosphatidylserine Exposure
As noted above, in fully deoxygenated red cells, PS exposure 
increased progressively with time. The effect of urea was then 
examined. Under these conditions, lower urea concentrations 
(200  mM) had a modest inhibitory and insignificant effect, 
but higher concentrations (600 and 900 mM) essentially abrogated 
PS exposure, shown at pH 7.4 (Figure  6) and also for pH 
7.0 (Figure  7). Similar findings were obtained at all other 
pHs, pHs 5.5–8.0 (data not shown). Further work focused on 
the effects of the higher urea concentrations tested.
The Effect of Urea and Hypertonicity on 
Phosphatidylserine Exposure
Hypertonicity achieved through addition of sucrose also markedly 
increased PS, as observed previously in sickle cells by Lang et  al. 
(2002, CBP). In a representative experiment, with the addition 
FIGURE 3 | Effect of pH on sickling of deoxygenated red cells from patients 
with SCA.  Red cells (1% haematocrit, Hct) were incubated in Eschweiler 
tonometers at 37oC and an osmolality of 290 mOsm.kg-1 for 15 min under fully 
deoxygenated conditions (0 mmHg oxygen) at three different extracellular pH 
values, pH 7.4, 7.0, and 6.5.  Red cell aliquots were then removed and fixed 
using 0.3% glutaraldehyde whilst maintaining the same pH present during their 
incubation.  Histograms represent means ± SEM, n = 3. ***p < 0.001; and 
****p < 0.0001, comparing red cells in the absence of urea with those in its 
presence.
A B
FIGURE 2 | The effect of oxygen tension on phosphatidylserine (PS) exposure in red cells from patients with SCA. Red cells (1% Hct) were incubated in Eschweiler 
tonometers at 37°C and pH 7.4 and an osmolality of 290 mOsm.kg−1 for up to 80 min under fully oxygenated (150 mmHg oxygen) or fully deoxygenated (0 mmHg 
oxygen) conditions. At the time intervals indicated, red cell aliquots were removed and PS exposure measured using fluorescently-labelled lactadherin (LA-FITC), as 
described in the Methods. (A) Representative FACS result from a single experiment after 80 min, in which PS positive red cells increased from 5.0% when incubated 
at 150 mmHg oxygen (left panel) to 21.1% at 0 (right panel). (B) Averaged data from three separate experiments. Symbols represent means ± SEM, n = 3. 
*p < 0.05; **p < 0.01; and ***p < 0.001.
Lu et al. Renal Medulla Affects Sickle Cells
Frontiers in Physiology | www.frontiersin.org 5 March 2021 | Volume 12 | Article 653545
to saline of 650  mM sucrose, which increased osmolality from 
290 to 940 mOsm.kg−1, PS in fully deoxygenated red cells increased 
from 11  ±  8% at the start of incubation to 39  ±  7, 71  ±  2, 
81  ±  3, and 83  ±  1% after 20, 40, 60, and 80  min (all p  <  0.05 
cf. PS at time 0; Figure  8). Addition of NaCl (to an osmolality 
of 1,200 mOsm.kg−1), however, had minimal effect to the progressive 
increase in PS exposure during deoxygenation (Figure  9). In 
deoxygenated red cells, whether osmolality was increased through 
addition of sucrose (Figure  8) or NaCl (Figure  9), the presence 
of high levels of urea (600 or 900  mM) prevented any increase 
in PS exposure over the time course of the experiment.
DISCUSSION
The present findings show that the main conditions found in 
a healthy renal medulla during antidiuresis – namely hypoxia, 
acidosis, lactic acid accumulation, and hypertonicity – increased 
sickling and PS exposure in red cells from patients with SCA. 
High concentrations of urea markedly reduced these effects.
Sickle cell anaemia patients present with considerable morbidity 
and increased mortality, with many systems affected. The aetiology 
has been known for many decades (Bunn and Forget, 1986). 
The underlying event is the ability of the mutated form of adult 
haemoglobin, HbS, to aggregate upon deoxygenation, forming 
organised rigid polymers of sickle haemoglobin, which distort 
red cell morphology and result in numerous other changes to 
red cell behaviour. Notwithstanding the simple underlying cause, 
mechanisms of pathogenesis are multiple (Hebbel, 1991), so 
that, in many cases, the more direct causes of it is unclear 
exactly how particular complications arise.
Patients have a particularly high incidence of renal pathology, 
sometimes referred to as sickle cell nephropathy. Children 
initially show hyperperfusion, hyperfiterability, and glomerular 
hypertrophy, with subsequent reduced glomerular fitration rates 
(GFRs). In a substantial proportion of individuals, the disease 
progresses to chronic renal failure. Many older children and 
adults show evidence of fibrosis, sclerosis, and necrosis, with 
particular involvement of the renal medulla. A progressive 
decrease in ability to concentrate urea often occurs – 
hyposthenuria – and about a third goes on to require dialysis 
or renal transplant.
The sluggish blood flow coupled with a high metabolic 
activity at this site cause conditions within the renal medulla 
to be  markedly hypoxic and acidotic. When patients retain a 
functional medulla, the medulla will also be hypertonic during 
antidiuresis with accumulation of salt (NaCl) and urea, with 
both reaching concentrations up to 600 mOsm.kg−1 (Roy et al., 
1992). Total osmolality may reach about 1,200  mOsm.kg−1. All 
of these conditions would be  expected to encourage HbS 
polymerisation and exacerbate sickling (Perillie and Epstein, 
1963; Bookchin et al., 1976) with all the consequent deleterious 
changes, including PS exposure, adhesion to endothelial and 
other cells, and cohesion to themselves. These features could 
contribute to medullary damage by blocking blood vessels in 
this region with resultant ischaemia.
FIGURE 4 | The effect of urea on sickling of deoxygenated red cells from patients 
with SCA.  Red cells (1% haematocrit, Hct) were incubated in Eschweiler 
tonometers at 37oC, pH 7.4 and an osmolality of 290 mOsm.kg-1 for up to 80 
min under fully deoxygenated conditions (0 mmHg oxygen) in the absence of urea 
(0 mM urea) or at three different urea concentrations (200, 600, and 900 mM).  
Red cell aliquots were then removed and fixed using 0.3% glutaraldehyde whilst 
maintaining the same urea concentration present during their incubation.  Symbols 
represent means ± SEM, n = 4. *p < 0.05; ***p < 0.001; and ****p < 0.0001, 
comparing red cells in the absence of urea with those in its presence.
FIGURE 5 | The effect pH on phosphatidylserine exposure in deoxygenated 
red cells from patients with SCA.  Red cells (1% Hct) were incubated in 
Eschweiler tonometers at 37oC and an osmolality of 290 mOsm.kg-1 for up to 
60 min under fully deoxygenated (0 mmHg oxygen) conditions.  At the time 
intervals indicated, red cell aliquots were removed and PS exposure measured 
using LA-FITC, as described in the Methods.  Histograms represent means ± 
SEM, n = 3. N.S:  not significant; ****p < 0.0001.
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In this work, the conditions found in a functional renal 
medulla were mimicked to investigate their effect on sickle 
cell behaviour. Hypoxia, low pH, lactic acid, and hypertonicity 
were all found to increase sickling and PS exposure. Hypertonicity 
induced by sucrose, however, was much more effective than 
that elicited by high levels of NaCl. Urea at high concentrations 
levels was protective, particularly against PS exposure. 
We  speculate that progressive loss of the ability to accumulate 
urea, which would occur as the renal medulla became 
progressively damaged would contribute to pathogenesis.
The effects on red cells of osmotic shock have been studied 
extensively by the group of Lang et al. (2002), although mainly 
on normal (HbA) red cells. They have shown that hypertonicity 
increases PS exposure and that this effect was exacerbated in 
sickle cells. In normal red cells, PS exposure induced by 
hypertonicity involves several pathways: it causes the opening 
of cation channels permeable to Ca2+ (Lang et  al., 2004) and 
also stimulates sphingomyelinase with resulting increase in 
levels of ceramide, a compound associated with PS externalisation 
(Lang et al., 2004). Furthermore, hypertonicity also acts stimulates 
cyclooxygenase with production of PGE2, which acts via 
phospholipase A2 to activate sphingomyelinase (Lang et  al., 
2005). As for sickle cells, hypertonic NaCl was much less 
effective in causing PS exposure than the non-electrolyte sucrose 
(Lang et  al., 2004), possibly through oxidative stress which 
also stimulates PS exposure (Duranton et al., 2002; Hannemann 
et al., 2018). It will be interesting to investigate the involvement 
of these mechanisms in sickle cells.
Lang’s group also examined the protective effect of urea. 
In normal red cells and platelets, urea was also seen to reduce 
PS exposure induced by hyperosmotic shock (Lang et al., 2004; 
Gatidis et  al., 2010). Urea appeared to act by inhibiting 
sphingomyelinase, reducing the synthesis of ceramide, and was 
thus ineffective in preventing PS exposure in response to added 
ceramide (Lang et  al., 2004). Furthermore, urea did not block, 
but rather activated, the red cell cation conductance, indicating 
that this channel is not the main mechanism by which 
hyperosmotic shock results in PS exposure pointing to a 
pre-eminent contribution to ceramide (Lang et al., 2004, 2010).
Urea also probably affects the hydrophobic bonds within the 
HbS molecules that result in polymerisation (Nalbandian et  al., 
1972; May and Huehns, 1975). As such, it has been proposed 
as a possible treatment for SCA patients (McCurdy and Mahmood, 
1971). In reality, however, it is likely that the concentrations 
required would be  excessively high, near molar levels. Because 
of this, other potential reagents, such as cyanate, which prevent 
polymerisation at much lower (low mM) concentrations have 
been suggested (Cerami and Manning, 1971) although it has 
been shown to be  ineffective as a clinical therapy for SCD.
Finally, a number of manoeuvres considered here, notably pH 
and urea, will also alter the permeability of the red cell membrane 
acting via transport systems, which include stimulation of the 
KCl cotransporter (KCC) and effects on Psickle (Gibson and Ellory, 
2002, 2003). Urea also stimulates KCC in red cells from other 
FIGURE 6 | The effect urea on phosphatidylserine exposure in deoxygenated 
red cells from patients with SCA.  Red cells (1% Hct) were incubated in 
Eschweiler tonometers at 37oC, pH 7.4 and an osmolality of 290 mOsm.kg-1 for 
up to 80 min under fully deoxygenated (0 mmHg oxygen) conditions in the 
absence of urea (0 mM urea) or at three different urea concentrations (200, 600, 
and 900 mM).  At the time intervals indicated, red cell aliquots were removed and 
PS exposure measured using LA-FITC, as described in the Methods.  Symbols 
represent means ± SEM, n = 3. *p < 0.05; ***p < 0.001; and ****p < 0.0001, 
comparing red cells in the absence of urea with those in its presence.
FIGURE 7 | The effect urea on phosphatidylserine exposure at pH 7.0 
in deoxygenated red cells from patients with SCA.  Red cells (1% Hct) 
were incubated in Eschweiler tonometers at 37oC, pH 7.0 and an 
osmolality of 290 mOsm.kg-1 for up to 80 min under fully deoxygenated 
(0 mmHg oxygen) conditions in the absence of urea (-Urea) or in its 
presence (+Urea, 600 mM).  At the time intervals indicated, red cell 
aliquots were removed and PS exposure measured using LA-FITC, as 
described in the Methods.  Symbols represent means ± SEM, n = 3. 
****p < 0.0001, comparing red cells in the absence of urea with those in 
its presence.
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species (including dog, sheep, and horse) – see Gibson and 
Ellory (2003). Such changes in membrane permeability may 
therefore also contribute to effects on sickling and PS exposure.
In conclusion, the hypoxic, acidic, and hypertonic conditions 
in the renal medulla act to increase sickling and PS exposure 
in red cells from SCA patients, an effect markedly reduced 
by high concentrations of urea.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will 
be  made available by the authors, without undue reservation.
ETHICS STATEMENT
The studies involving human participants were reviewed and 
approved by National Research Ethics Committee (reference 
16/LO/1309). Written informed consent to participate in this 
study was provided by the participants’ legal guardian/
next of kin.
AUTHOR CONTRIBUTIONS
JG and DR planned the research. Experiments were carried 
out by DL, RW, and AH. DR, JB, JG, RW, and DL wrote the 
manuscript. All authors contributed to the article and approved 
the submitted version.
FUNDING
We are grateful for financial support from a project grant 
awarded by the British Heart Foundation (GN31966). RW 




Al Balushi, H., Dufu, K., Rees, D. C., Brewin, J. N., Hannemann, A., Oksenberg, D., 
et al. (2019). The effect of the antisickling compound GBT1118 on the 
permeability of red blood cells from patients with sickle cell anemia. Phys. 
Rep. 7:e14027. doi: 10.14814/phy2.14027
Aygun, B., Mortier, N. A., Smeltzer, M. P., Hankins, J. S., and Ware, R. E. 
(2011). Glomerular hyperfiltration and albuminuria in children with sickle 
cell anemia. Pediatr. Nephrol. 26, 1285–1290. doi: 10.1007/s00467-011- 
1857-2
Becton, L. I., Kalpatthi, R. V., Rackoff, E., Disco, D., Orak, J. K., Jackson, S. M., 
et al. (2010). Prevalence and clinical correlates of microalbuminuria in children 
with sickle cell disease. Pediatr. Nephrol. 25, 1505–1511. doi: 10.1007/
s00467-010-1536-8
Bitbol, M., Fellmann, P., Zachowski, A., and Devaux, P. F. (1987). Ion regulation 
of phosphatidylserine and phosphatidylethanolamine outside-inside 
translocation in human erythrocytes. Biochim. Biophys. Acta 904, 268–282. 
doi: 10.1016/0005-2736(87)90376-2
Blumenfeld, N., Zachowski, A., Galacteros, F., Beuzard, Y., and Devaux, P. F. 
(1991). Transmembrane mobility of phospholipids in sickle erythrcoytes: 
FIGURE 9 | The effect urea and hypertonic NaCl on phosphatidylserine exposure 
in deoxygenated red cells from patients with SCA.  Red cells (1% Hct) were 
incubated in Eschweiler tonometers at 37oC, pH 7.4 and an osmolality of 290 - 
1200 mOsm.kg-1 (through addition of hypertonic NaCl) for up to 80 min under fully 
deoxygenated (0 mmHg oxygen) conditions in the absence of urea or at two 
different urea concentrations (600 and 900 mM).  At the time intervals indicated, red 
cell aliquots were removed and PS exposure measured using LA-FITC, as 
described in the Methods.  Symbols represent means ± SEM, n = 3. ***p < 0.01; 
and ****p < 0.0001., comparing red cells in the absence of urea at 290 mOsm.k
FIGURE 8 | The effect urea and hypertonic sucrose on phosphatidylserine 
exposure in deoxygenated red cells from patients with SCA.  Red cells (1% Hct) 
were incubated in Eschweiler tonometers at 37oC, pH 7.4 and at an osmolality of 
940 mOsm.kg-1, through addition of hypertonic sucrose, for up to 80 min under 
fully deoxygenated conditions (0 mmHg oxygen) in the absence of urea (650 mM 
Sucrose) or at three different urea concentrations (200, 600, and 900 mM, all also 
with 650 mM Sucrose).  At the time intervals indicated, red cell aliquots were 
removed and PS exposure measured using LA-FITC, as described in the 
Methods.  Symbols represent means ± SEM, n = 3. ****p < 0.0001, comparing 
red cells in the absence of urea with those in its presence
Lu et al. Renal Medulla Affects Sickle Cells
Frontiers in Physiology | www.frontiersin.org 8 March 2021 | Volume 12 | Article 653545
effect of deoxygenation on diffusion and asymmetry. Blood 77, 849–854. 
doi: 10.1182/blood.V77.4.849.849
Bookchin, R. M., Balazs, T., and Landau, L. C. (1976). Determinants of red 
cell sickling. Effects of pH and of increasing intracellular haemoglobin 
concentration by osmotic shrinkage. J. Lab. Clin. Med. 87, 597–616.
Brezis, M., Heyman, S. N., and Epstein, F. H. (1994). Determinants of intrarenal 
oxygenation. II. Hemodynamic effects. Am. J. Physiol. Ren. Physiol. 267, 
F1063–F1068. doi: 10.1152/ajprenal.1994.267.6.F1063
Bunn, H. F., and Forget, B. G. (1986). Hemoglobin: Molecular, genetic and 
clinical aspects. Philadelphia, United States: W. B. Saunders Company.
Cerami, A., and Manning, J. M. (1971). Potassium cyanate as an inhibitor of 
the sickling of erythrocytes in  vitro. Proc. Natl. Acad. Sci. U. S. A. 68, 
1180–1183. doi: 10.1073/pnas.68.6.1180
Cytlak, U. M., Hannemann, A., Rees, D. C., and Gibson, J. S. (2013). Identification 
of the Ca2+ entry pathway involved in deoxygenation-induced phosphatidylserine 
exposure in red blood cells from patients with sickle cell disease. Pflugers 
Arch. 465, 1651–1660. doi: 10.1007/s00424-013-1308-y
de Jong, K., Rettig, M. P., Low, P. S., and Kuypers, F. A. (2002). Protein kinase 
C activation induces phosphatidylserine exposure on red blood cells. 
Biochemistry 41, 12562–12567. doi: 10.1021/bi025882o
Duranton, C., Huber, S. M., and Lang, F. (2002). Oxidation induces a cl−-
dependent cation conductance in human red blood cells. J. Physiol. 539, 
847–855. doi: 10.1113/jphysiol.2001.013040
Elmariah, H., Garrett, M. E., De Castro, L. M., Jonassaint, J. C., Ataga, K. I., 
Eckman, J. R., et al. (2014). Factors associated with survival in a contemporary 
adult sickle cell disease cohort. Am. J. Hematol. 89, 530–535. doi: 10.1002/
ajh.23683
Etzion, Z., Fiffert, T., Lew, V. L., and Bookchin, R. M. (1992). Deoxygenation 
increases [Ca2+]I in sickle cell anemia discocyes by Ca2+ pump inhibition 
as well as increased Ca2+ permeability. Blood 92, 2489–2498.
Gatidis, S., Borst, O., Föller, M., and Lang, F. (2010). Effect of osmotic shock 
and urea on scrambling in thrombocyte cell membranes. Cell. Physiol. 299, 
C111–C118. doi: 10.1152/ajpcell.00477.2009
Gibson, J. S., and Ellory, J. C. (2002). Membrane transport in sickle cell disease. 
Blood Cells Mol. Dis. 28, 303–314. doi: 10.1006/bcmd.2002.0515
Gibson, J. S., and Ellory, J. C. (2003). “KCl cotransport” in Red cell membrane 
transport in health and disease. eds. I. Bernhardt and J. C. Ellory (Berlin: 
Springer), 197–220.
Haest, C. W. M. (2003). “Distribution and movement of membrane lipids” in 
Red cell membrane transport in health and disease. eds. I. Bernhardt and 
J. C. Ellory (Berlin: Springer), 1–25.
Hannemann, A., Rees, D. C., Brewin, J. N., Low, B., and Gibson, J. S. (2018). 
Oxidative stress and phosphatidylserine exposure in red cells from patients 
with sickle cell anaemia. Br. J. Haematol. 182, 567–578. doi: 10.1111/bjh.15441
Hebbel, R. P. (1991). Beyond hemoglobin polymerization: the red blood cell 
membrane and sickle cell disease pathophysiology. Blood 77, 214–237. doi: 
10.1182/blood.V77.2.214.214
Joiner, C. H. (1993). Cation transport and volume regulation in sickle red 
blood cells. Am. J. Phys. Cell Phys. 264, C251–C270. doi: 10.1152/
ajpcell.1993.264.2.C251
Kuypers, F. A. (1998). Phospholipid asymmetry in health and disease. Curr. 
Opin. Hematol. 5, 122–131. doi: 10.1097/00062752-199803000-00007
Lang, F., Gulbins, E., Lang, P. A., Zappulla, D., and Föller, M. (2010). Ceramide 
in suicidal death of erythrocytes. Cell. Physiol. Biochem. 26, 21–28. doi: 
10.1159/000315102
Lang, P. A., Kempe, D. S., Tanneur, V., Eisele, K., Klarl, B. A., Myssina, S., 
et al. (2005). Stimulation of erythrocyte ceramide formation by platelet-
activating factor. J. Cell Sci. 118, 1233–1243. doi: 10.1242/jcs.01730
Lang, K. S., Myssina, S., Brand, V., Sandu, C., Lang, P. A., Berchtold, S., et al. 
(2004). Involvement of ceramide in hyperosmotic shock-induced death of 
erythrocytes. Cell Death Differ. 11, 231–243. doi: 10.1038/sj.cdd. 
4401311
Lang, K. S., Roll, B., Myssina, S., Schittenhelm, M., Scheel-Walter, H. -G., 
Kanz, L., et al. (2002). Enhanced erythrocyte apoptosis in sickle cell anemia, 
thalassemia and glucose-6-phosphate dehydrogenase deficiency. Cell. Physiol. 
Biochem. 12, 365–372. doi: 10.1159/000067907
Lew, V. L., and Bookchin, R. M. (2005). Ion transport pathology in the mechanism 
of sickle cell dehydration. Physiol. Rev. 85, 179–200. doi: 10.1152/physrev.00052.2003
Liss, P., Nygren, A., Revsbech, N. P., and Uffendahl, H. R. (1997). Intrarenal 
oxygen tension measured by a modified Clark electrode at normal and low 
blood pressure and after injection of x-ray contrast media. Pflugers Arch. 
434, 705–711. doi: 10.1007/s004240050455
May, A., and Huehns, E. R. (1975). The effect of urea on sickling. Brit. J. 
Haemat. 30, 21–29. doi: 10.1111/j.1365-2141.1975.tb00513.x
McCurdy, P. R., and Mahmood, L. (1971). Intravenous urea treatment of the 
painful crisis of sickle-cell disease: a preliminary report. N. Engl. J. Med. 
285, 992–994. doi: 10.1056/NEJM197110282851803
Nalbandian, R. W., Nichols, B. M., Stehouwer, E. J., and  Camp, F. R. Jr. 
(1972). Urea, urease, cyanate, and the sickling of hemoglobin S. Clin. Chem. 
18, 961–964. doi: 10.1093/clinchem/18.9.961
Perillie, P. E., and Epstein, F. H. (1963). Sickling phenomenon produced by 
hypertonic solutions: a possible explanation for the hyposthenuria of sicklemia. 
J. Clin. Invest. 42, 570–580. doi: 10.1172/JCI104746
Powars, R., Chan, S., Hiti, A., Ramicone, E., and Johnson, C. (2005). Outcome 
of sickle cell anemia: a 4-decade observational study of 1056 patients. 
Medicine 84, 363–376. doi: 10.1097/01.md.0000189089.45003.52
Rees, D. C., Williams, T. N., and Gladwin, M. T. (2010). Sickle-cell disease. 
Lancet 376, 2018–2031. doi: 10.1016/S0140-6736(10)61029-X
Rhoda, M. D., Apovo, M., Beuzard, Y., and Giraud, F. (1990). Ca2+ permeability 
in deoxygenated sickle cells. Blood 75, 2453–2458. doi: 10.1182/blood.
V75.12.2453.2453
Roy, D. R., Layton, H. E., and Jamison, R. L. (1992). “Countercurrent mechanism 
and lst regulation” in The kidney, physiology and pathophysiology. eds. 
D. W. Sedlin and G. Giebish (New York: Raven), 1649–1692.
Serjeant, G. R., Higgs, D. R., and Hambleton, I. R. (2007). Elderly survivors 
with homozygous sickle cell disease. N. Engl. J. Med. 356, 642–643. doi: 
10.1056/NEJMc066547
Steinberg, M. H. (1999). Management of sickle cell disease. N. Engl. J. Med. 
340, 1021–1030. doi: 10.1056/NEJM199904013401307
Thomas, S. R. (2000). Inner medullary lactate production and accumulation: 
a vasa recta model. Am. J. Physiol. Ren. Physiol. 279, F468–F481. doi: 10.1152/
ajprenal.2000.279.3.F468
Tiffert, T., Garcia-Sancho, J., and Lew, V. L. (1984). Irreversible ATP depletion 
caused by low concentrations of formaldehyde and of calcium-chelator esters 
in intact human red cells. Biochim. Biophys. Acta 773, 143–156. doi: 
10.1016/0005-2736(84)90559-5
Weiss, E., Cytlak, C. M., Rees, D. C., and Gibson, J. S. (2012). Deoxygenation-
induced and Ca2+-dependent phosphatidylserine externalisation in red blood 
cells from normal individuals and sickle cell patients. Cell Calcium 51, 
51–56. doi: 10.1016/j.ceca.2011.10.005
Wigfall, D. R., Ware, D. E., Burchinal, M. R., Kinney, T. R., and Foreman, J. W. 
(2000). Prevalence and clinical correlates of glomerulopathy in children 
with sickle cell disease. J. Pediatr. 136, 749–753.
Woon, L. A., Holland, J. W., Kable, E. P., and Roufogalis, B. D. (1999). Ca2+ 
sensitivity of phospholipid scrambling in human red cell ghosts. Cell Calcium 
25, 313–320. doi: 10.1054/ceca.1999.0029
Zhang, J. L., Morrell, G., Rusinek, H., Warner, L., Vivier, P. -H., Cheung, A. K., 
et al. (2014). Measurement of renal tissue oxygenation with blood oxygen 
level-dependent MRI and oxygen transit modelling. Am. J. Physiol. Ren. 
Physiol. 306, F579–F587. doi: 10.1152/ajprenal.00575.2013
Conflict of Interest: The authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest.
Copyright © 2021 Lu, Wadud, Hannemann, Rees, Brewin and Gibson. This is an 
open-access article distributed under the terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or reproduction in other forums is permitted, 
provided the original author(s) and the copyright owner(s) are credited and that 
the original publication in this journal is cited, in accordance with accepted academic 
practice. No use, distribution or reproduction is permitted which does not comply 
with these terms.
